The level of unsaturation of the constituent fatty acids of many glycerolipids in plant membranes is modified by environmental factors. The measurement of the rate of the desaturation of these fatty acids is essential to an understanding of how plants adapt to changing environments. This is difficult because of the complexity of the system and the problems involved in measuring rates of these enzyme reactions in cell-free preparations. A computer program has been developed that simulates the synthesis of galactosyldiacylglycerols and desaturation of their fatty acids in chloroplasts. The program uses the rate of incorporation and distribution of 14C in fatty acids after 'TO2 feeding to estimate rates of desaturation in the fatty acids of glycerolipids. Data are presented to demonstrate the use of the program in comparing rates of desaturation in the five enzyme reactions associated with monogalactosyldiacylglycerol in the chloroplastic pathway of leaves from Brassica napus. The method represents a quick, reliable, and accurate measure of desaturase activity in vivo and i s the only method available to estimate desaturase activity of all five enzymes at the same time.
The biosynthesis and desaturation of the component fatty acids in plant lipids have received considerable attention during the last few decades, particularly in relation to the effect of environmental factors on the level of unsaturation in membrane lipids (Raison, 1986;  Lynch and Thompson, 1988;  Browse and Somerville, 1991) .
The pathways of biosynthesis of the major galactosyldiacylglycerols of chloroplast membranes, MGDG and DGDG, have recently been clarified (Williams and Khan, 1982 ; Roughan and Slack, 1984) . Two distinct groups of plants have been found that differ in the fatty acid composition of MGDG and DGDG (Jamieson and Reid, 1971) . 18:3 plants, which contain no 16:3, utilize a cytosolic pathway involving phosphatidylcholine to synthesis galactosyldiacylglycerols; 16:3 plants, which contain high levels of 16:3 in MGDG (and lower levels in DGDG), utilize predominantly a chloroplastic pathway. 16:3 plants usually contain a cytosolic component, but the balance between the two pathways depends on the species (Jamieson and Reid, 1971) and may be controlled or modified by some environmental conditions (Williams et al., 1988) .
In our studies of the effects of environmental factors, particularly temperature, on fatty acid desaturation and galactosyldiacylglycerol biosynthesis in Brassica napus, we need to know the rates of biosynthesis and desaturation of the fatty acids in MGDG and DGDG and which particular reactions are affected by changing temperatures. Attempts to isolate desaturase enzymes with high levels of activity from plants have generally met with little success, except for the soluble enzyme stearoyl-acyl camer protein desaturase (McKeon and Stumpf, 1982) . High levels of desaturase activity in isolated chloroplast fractions have only recently been obtained (Heinz and Roughan, 1983;  Andrews and Heinz, 1987;  Heemskerk et al., 1991) . This has made it very difficult to determine the characteristics of these membrane-bound enzymes or to conduct in vitro kinetic experiments.
In vivo rates of desaturation have been determined semiquantitatively by assessing labeling pattems of fatty acids after 14C feeding, incubation, and analysis of the distribution of ''C-labeling in the products (Williams, 1980; Browse et al., 1986; Heemskerk et al., 1991; Williams et al., 1992) . In 16:3 plants, such as B. napus, radioactive precursors of fatty acids are incorporated more rapidly into MGDG and DGDG through the chloroplastic pathway than the cytosolic pathway. This allows the study of the biosynthesis of the chloroplastic molecular species of MGDG (18:3/16:3) before radioactivity from the cytosolic pathway enters the chloroplast lipids (Williams et al., 1988; Heemskerk et al., 1991; Williams et al., 1992) .
Although the radioactivity distribution pattems have been used to estimate relative desaturation rates, accurate quantitative determinations of rates are hampered by the nonlinear Plant Physiol. Vol. 101, 1993 incorporation of 14C into MGDG and the transfer of fatty acids from MGDG to DGDG. In some circumstances catabolic turnover of lipids must also be taken into account. To this end we have written a computer program that will correct for the nonlinearity of 14C incorporation into these lipids during tracer experiments and compute fatty acid desaturation rates as a measure of the conversion of radioactivity from saturated to more unsaturated fatty acids, taking into consideration the rate of transfer of MGDG fatty acids to DGDG. This method represents a powerful way of estimating in vivo rates of desaturation for a11 five desaturase reactions in the formation of the predominant molecular species of MGDG (18:3/16:3) from the precursor molecular species (18:1/16:0) in the chloroplastic pathway.
In addition, the program will simulate these metabolic processes to provide labeling patterns that would result from a pure pulse of 14C administered to the plant Ór a continuous feeding of substrate, which is similar to the natural biosynthetic process. Data are presented here conceming the program and its preliminary use in computing rates of desaturation of the fatty acids of MGDG in B. napus. Subsequent papers will deal with the conversion of MGDG to DGDG in more detail, utilizing models of different metabolic pathways.
MATERIALS AND METHODS

Plant Material
Brassica napus (var Westar) plants were grown from seed (germinated and grown at 20°C for 2 weeks) in growth rooms maintained at 5OC under mixed incandescent/fluorescent light (approximately 200 pmol s-' m-') with 16-h days.
14C02 Feeding
Feeding of 14C02 and the subsequent chase period were carried out at 5OC in the same growth room. Fully expanded leaves of the treated plants from the second and third nodes were removed, placed in a plexiglass chamber, and exposed to 1 mCi of 14C02 for 5 min. The chamber was flushed with l2CO2, and the leaves were sampled immediately (O h) and at intervals during an additional60-min incubation.
Lipid Separation and Analysis
Leaves were harvested, and the lipid was extracted, purified, and separated by TLC as previously described (Khan and Williams, 1977) . The lipid was methanolyzed in 1.5 N methanol-HC1 ovemight at 8OoC and extracted with hexane, and the FAMEs were separated on a 6-foot Reoplex column isothermally at 180°C in a Packard 7400 GLC.
The FAMEs were collected, and the radioactivity was measured by scintillation counting as previously described (Watson and Williams, 1972) .
The total incorporation of radioactivity into the fatty acids of MGDG and DGDG was determined in aliquots of lipids extracted from leaf discs fed 14C02 for 5 min and incubated for O, 15, 30, 45 , and 60 min. Three separate feedings were carried out, and the incorporation of radioactivity into both MGDG and DGDG fatty acids was calculated as cpm pmol-' of MGDG to reduce differences in sample size. To eliminate differences in the level of 14C02 feeding and/or photosynthetic uptake in each group of leaves, the results were then expressed in terms of the level of radioactivity in MGDG at 60 min for each series.
Fatty acid compositions were determined in a HewlettPackard mode15890 gas-liquid chromatograph using a 60-m DB-225 capillary column programmed from 160 to 21OOC at 3OC min-'.
The computer program was written and compiled using Clipper 5.01 (Nantucket Corp.) and run on an IBM-compatible 386/25 PC clone.
Outline of the Biosynthetic Model
The model of the commonly accepted mechanism for the biosynthesis from DAG to MGDG and DGDG by the chloroplastic or "prokaryotic" pathway is shown in Figure 1 (Roughan and Slack, 1984; Browse and Somerville, 1991 Further desaturation of fatty acids in DGDG may occur after galactosylation from MGDG (Df60 to D~s,z). A number of variations of this basic model are possible, and these will be discussed in more detail elsewhere (see below).
Program
Module 1: Determination of the Rate of 14C lncorporation
The incorporation of radioactivity into the components of glycerolipids after 14C-pulse feeding is often nonlinear. In galactosyldiacylglycerol biosynthesis, this nonlinear uptake was determined by measuring total incorporation into the fatty acids of MGDG and DGDG in incubation experiments up to 60 min. These radioactive data are used to calculate the coefficients for two quadratic equations that represent the incorporation of 14C into the total fatty acids of MGDG and DGDG. The resulting coefficients are stored for use in modules 2 and 3.
Module 2: Determination of Rates of Desaturation After 14C02 feeding, the percentage distribution of radioactivity in the fatty acids of MGDG and DGDG after selected incubation periods can then be determined. From these labeling patterns it is possible to compute the rates of desaturation that are necessary to produce a theoretical labeling pattem to match the actual labeling pattern of fatty acids determined from lipid analyses.
Module 2 accepts the percentage distribution of radioactivity in MGDG fatty acids determined from a ''C02-feeding experiment, as described above. The module assumes a 5-min feeding period and simulates a linear rate of incorporation of radioactivity during this period up to the leve1 determined at O h from the quadratic equations (the beginning of the subsequent incubation period). The program then simulates the incorporation of radioactivity from the two nonlinear graphs (for MGDG and DGDG) using the coefficients of the quadratic equations calculated from module 1 for any selected incubation period. At 6-s increments the program simulates the addition of radioactivity to MGDG as 16:0, 18:0, and 18:l; the total added is assumed to be the sum of the total increases in MGDG and DGDG fatty acids at each interval. The proportion of radioactivity added to 16:0, 18:0, and 18:l (&O, &,, and T&.., respectively) is computed from the distribution of radioactivity in the fatty acids determined experimentally at the end of the incubation period. The following equations are used for the subsequent computation of c 1 6 fatty acids; similar equations (not shown) are used to compute the data for C18 fatty acids. The increase in radioactivity in 16:O of MGDG after each 6-s increment is determined from Equation 1:
where RE:O = radioactivity in 16:O of MGDG, REl0 = radioactivity in 16:O of MGDG before this increment, and E 6 and l& = increases in radioactivity in total c 1 6 fatty acids in MGDG and DGDG, respectively, for one increment.
A 6-s increment was selected as a compromise between greater accuracy (shorter time increment) and speed in running the program (longer time increment). Test runs with different incremental times showed that there was less than 1% difference in determined rates between 3-and 12-s increments but up to 6% difference between 3-and 60-s increments (data not shown). Simulated changes in the fatty acids of MGDG are then made for each fatty acid assuming a rate of desaturation for each of the five reactions (DE:,, to DE,,) and the transfer of some of this fatty acid to DGDG by galactosylation (Feo to Fk3). Equations 2 to 5 are used to compute the c 1 6 radioactivity redistribution. 
The quantity of each fatty acid transferred from MGDG by galactosylation (Ero to is calculated from the quadratic equation for DGDG, which gives the total increase in radioactivity of the DGDG fatty acids, and from the distribution of radioactivity in the MGDG fatty acids, which gives the relative quantities of each fatty acid transferred at any particular time (Eq. 6, a-d). 
The assumption is made, in the model presented here, that the selection of fatty acids (molecular species) of MGDG for galactosylation to DGDG is random and that the incorporation of radioactivity from MGDG to DGDG is dependent on the distribution of radioactivity in MGDG at each of the 6-s intervals at which calculations are made.
After the completion of the simulation for the designated incubation time, the program compares the computed percentage distribution of radloactivity in the fatty acids of MGDG with the experimentally determined I4C distributions and adjusts the rates of desaturation ( D k to for each reaction. The simulation is repeated and the rates of desaturation adjusted until the computed 14C distributions match the experimentally determined data. The average rates of desaturation of each fatty acid during the time course selected are computed as percentage substrate desaturated per min.
Module 3: Simulation of Pulse and Continuous Feeding
When the rates of desaturation of MGDG fatty acids and their transfer rates by galactosylation to DGDG have been computed, module 3 uses these rates in three possible simulation modes. Experiments can be simulated that rerun the 14C feeding from (a) the same nonlinear graph from which the original rates were computed, (b) a pulse-feed in which radioactivity is added to MGDG 16:0, 18:0, and 18:l as a true one-time pulse at O h, or (c) a continuous feeding of radioactivity, which simulates the more natural process of continua1 addition of substrate to the biosynthesis of these lipids. In each case the distribution patterns at intermediate times can be viewed as the computations are displayed in a stepwise manner.
RESULTS lncorporation of 14C-Label into MGDG and DGDG
Fatty Acids
Figure 2 shows two graphs determined from the uptake of 14C into the fatty acids of the galactosyldiacylglycerols of leaves from B. napus plants grown, fed 14C02, and incubated for 60 min at 5OC. Similar data can be obtained and entered into the program for different physiological or environmental conditions and the calculated quadratic equation coefficients stored for future use in modules 2 and 3. From Figure 2 it can be seen that the incorporation of radioactivity into MGDG is significantly higher than for DGDG. Only a small percentage of the radioactivity in MGDG is converted to DGDG in the incubation times used, suggesting that the effect of DGDG biosynthesis on the computed rates of desaturation in MGDG would be small.
The radioactivity incorporated into Cls fatty acids is higher than into c 1 6 fatty acids in both lipids (Table I ). Based on carbon number, the theoretical percentage distribution of radioactivity in equal molar quantities of uniformly labeled Clh and Crs fatty acids is 47 and 53, respectively; the measured percentages of 14C label in C16 and Cls for MGDG at 60 min are 47.4 f 1 and 52.6 f 2 (n = 5), respectively. The data suggest, therefore, that radioactivity is being incorporated uniformly into the carbons of both C16 and CIS fatty acids. This would also indicate that within a short time of feeding the radioactivity is almost entirely from the chloroplastic pathway as shown previously by us (Williams et al., 1988) and others (Heemskerk et al., 1991) in spinach.
In view of these findings it was not considered necessary to determine the labeling of c 1 6 and C18 fatty acids separately during routine use of the program. The program was, therefore, written to accept total fatty acid labeling and then calculate the relative distribution of radioactivity in the c 1 6 and C18 fatty acids from the distribution of label determined later in the analyses of individual fatty acid 14C-labeling. Table I contains the determinations of the radioactivity distribution in fatty acids of MGDG from five typical experiments on leaves from B. napus plants grown, fed 14C02, and incubated for 60 min at 5OC. The quantitative distribution of the fatty acids shows a markedly different pattern from the radioactivity distribution after 60 min of incubation. In this time, only partia1 desaturation of the radioactive fatty acids occurs, and the pattern of distribution of radioactivity in the Table I experiments are shown. fatty acids is a measure of the mean rate of desaturation during that incubation time. It is not possible from these labeling patterns to simply determine the rates of desaturation of 16:O and 18:l to their more unsaturated homologs. The program uses the rate of incorporation (from module 1) and computes the rate of desaturation necessary for each reaction in order for the computed distribution to match the distribution of radioactivity measured experimentally, taking into account the transfer of fatty acid to DGDG by galactosylation of MGDG. The rates of desaturation computed for each labeling pattern in Table I are shown in Table 11 . The distribution pattems were entered into the program individually, and the means and SDS of the computed rates were then calculated. These computations are based on a random transfer of MGDG molecular species to DGDG. Other models of galactosylation involving selective galactosylation of molecular species will be discussed in detail in later publications; these models do not significantly modify the calculations made here (data not shown).
The mean and
The computed rates of desaturation of MGDG fatty acids show clear differences between desaturase reactions, which are a reflection of the pattems of distribution shown in Table   I . It should be emphasized that these rates are the rates of transfer of radioactivity from more saturated to more unsaturated fatty acids in the cell and, although largely dependent on the desaturase enzyme, may be controlled by factors other than simple enzyme kinetics. They are also mean values for the rate of transfer over the time course of the experiment; they do not take into consideration possible fluctuations in the rate of desaturation during the incubation period.
The levels of enzyme activity computed (Table 11) can be correlated with the differences in 14C-labeling of the fatty acids (Table I ). In the CI6 desaturation series, the level of radioactivity is low in 16:3 as a result of low AI3-desaturase (DE:*) activity. Conversely, the radioactivity in 16:2 is high as a result of high Alo-desaturase (Dnl) activity. The intermediate level of activity in A7-desaturase (D%o) (lower than A"-desaturase activity) results in lower levels of radioactivity in 16:l than 16:2. In the Cls series, the high enzyme activity of A"-desaturase results in high radioactivity levels in 18:2, whereas the low levels of activity in AI5-desaturase (D%:*) result in the accumulation of radioactive 18:2 but not 18:3. Although it is possible to make similar assumptions solely from the I4C-labeling pattems, the computer simulation allows for a quantitative and more accurate comparison of desaturation rates.
Computation of Desaturase Activity Using Different lncorporation Rates
The mean radioactivity distributions from the five experiments were used to compare the effects of linear and true pulse feeding using theoretical incorporation rates introduced into module 1 (Table 111 ). The nonlinear uptake of I4C is compared with a theoretical pulse labeling of MGDG (with linear transfer of radioactivity to DGDG up to 10% at 60 min) and continuous I4C feeding (with linear transfer of radioactivity to DGDG of 10% at a11 times). The clear differences in computed rates demonstrate the inaccuracies in estimating desaturation rates that may result from using the wrong rates of I4C uptake.
Simulation of Desaturation Using the Nonlinear Computed Rates
The program may also be used to simulate a true pulsechase or continuous feeding using the computed rates of desaturation determined from a nonlinear incorporation. Figure 3 illustrates the effect of computing rates of desaturation and then using these rates to determine the distribution pattems that would be obtained with true pulse-chase and continuous feeding experiments after 60-min incubations. The program allows for the simulation of true pulse-chase experiments and continuous feeding experiments, which are not possible in the plant. Significant differences in labeling pattems occur between the three feeding regimens, emphasizing the difficulty in using fatty acid labeling pattems from I4C-tracer studies as an accurate estimate of desaturase activity without knowing the rate of uptake of the precursor. The nonlinear rates were determined using the same nonlinear curve used in Table 11 . The pulse rates were determined with a theoretical one-time uptake of radioactivity into MGDG anda linear transfer of 10% of that activity to DGDG over 60 min. The linear rates were determined from two linear graphs for MGDG and DGDG, assuming a total transfer of radioactivity of 10% from MGDG to DGDG throunhout the 60-min period. 
DISCUSSION
In vivo 14C-feeding experiments are the only way of estimating relative rates of desaturation of fatty acids in the plant cell under changing environmental conditions. This technique, however, is made difficult because the incorporation of radioactivity in a pulse-chase experiment is rarely a pulse, nor is it linear. In addition, the acquisition of labeling data is both difficult and time consuming, and it was necessary to provide a more rapid and accurate way of determining desaturation rates of fatty acids in MGDG from 14C-tracer studies.
The computer program was designed to use the rate of incorporation of 14C into the fatty acids of MGDG and compute the rates of conversion by desaturation and galactosylation to DGDG necessary to produce the labeling pattems determined experimentally. With the short time span (less than 60 min) and the low temperature of incubation (5OC) used in the experiments, it was not considered necessary to make provision for catabolic tumover of the newly formed lipid. Furthermore, if determinations are made within a relatively short period, the radioactivity incorporated into MGDG is almost exclusively from the chloroplastic pathway. This is particularly the case in plants such as B. napus and Dunaliella salina (Cho and Thompson, 1987) , in which the chloroplastic pathway is predominant.
The program assumes that the transfer of fatty acids from MGDG to DGDG is random and not selective for molecular species of MGDG. This is only one model of DGDG synthesis. Altemative models have been programmed and compared, but the effect of the different models on computing desaturation in MGDG is small (data not shown). This is largely because the amount of radioactivity transferred from MGDG to DGDG is only about 10% of the total incorporated, reducing the overall effect on the computed desaturation rates in MGDG.
The most desirable feeding experiments would use a single pulse of radioactivity followed by a chase period to trace the redistribution of that activity over time. The normal in vivo process of lipid biosynthesis and fatty acid desaturation, however, involves the continuous incorporation of substrate in the fonn of 16:O and 18:l and desaturation of these fatty acids. With the simulation of both of these processes, it is hoped that it will be possible to determine such characteristics as biosynthetic rates and tumover of the major lipids of the leaf in future simulations. The program modules described here will allow us to determine the relative rates of desaturation of fatty acids in MGDG under a variety of environmental conditions. The rates of a11 five desaturase reactions can be determined using one experiment that does not require complex extraction and enzyme assays that are difficult, time-consuming, and inaccurate. The program is being successfully used to determine relative rates of desaturation in plants grown at different temperatures and to identify the sites of action of mutations affecting rates of desaturation in the galactosyldiacylglycerols (data not shown). We intend to expand the program to include the quantification of desaturase activities in phospholipids and seed oils of leaves, roots, and seeds.
